Cell growth (an increase in cell mass and size through macromolecular biosynthesis) and cell cycle progression are generally tightly coupled, allowing cells to proliferate continuously while maintaining their size. The target of rapamycin (TOR) is an evolutionarily conserved kinase that integrates signals from nutrients (amino acids and energy) and growth factors (in higher eukaryotes) to regulate cell growth and cell cycle progression coordinately. In mammals, TOR is best known to regulate translation through the ribosomal protein S6 kinases (S6Ks) and the eukaryotic translation initiation factor 4E-binding proteins. Consistent with the contribution of translation to growth, TOR regulates cell, organ, and organismal size. The identification of the tumor suppressor proteins tuberous sclerosis1 and 2 (TSC1 and 2) and Ras-homolog enriched in brain (Rheb) has biochemically linked the TOR and phosphatidylinositol 3-kinase (PI3K) pathways, providing a mechanism for the crosstalk that occurs between these pathways. TOR is emerging as a novel antitumor target, since the TOR inhibitor rapamycin appears to be effective against tumors resulting from aberrantly high PI3K signaling. Not only may inhibition of TOR be effective in cancer treatment, but rapamycin is an FDA-approved immunosuppressive and cardiology drug. We review here what is known (and not known) about the function of TOR in cellular and animal physiology.
Introduction
Tumorigenesis is a multistep process in which cells accumulate disparate complementing mutations that permit them to escape normal cellular and environmental constraints on proliferation (reviewed in Hanahan and Weinberg, 2000; Hahn and Weinberg, 2002) . While only recently appreciated as an important process in tumorigenesis, an increased rate of cell growth (an increase in cell mass and size via macromolecular biosynthesis) is required to support the rapid proliferation (an increase in cell number) central to tumorigenesis. A sufficiency of nutrients and growth factors is required for cell growth and progression through the cell cycle. If the rate of cell growth is unable to keep up with a rapid rate of cell division, then cell proliferation cannot be sustained, since cells would progressively lose mass and size with each division cycle, resulting in inevitable cell death. Therefore, proliferating cells exhibit tight coordination between cell growth and cell cycle progression. In addition, such coordination ensures that individual cells, and indeed organs and whole organisms, maintain a characteristic size.
The target of rapamycin, TOR (mTOR in mammals, also known as FRAP, RAFT, or RAPT), is an evolutionarily conserved serine/threonine kinase that regulates both cell growth and cell cycle progression through its ability to integrate signals from nutrients (amino acids and energy) and growth factors (reviewed in Shamji et al., 2003) . In mammals and flies, the bestcharacterized downstream targets of TOR are two families of proteins that control protein translation, the ribosomal protein S6 kinases (S6Ks) and the eukaryotic initiation factor 4E (eIF4E)-binding proteins (4E-BPs). By virtue of its ability to sense environmental conditions, TOR functions as a rheostat to regulate the rate of cell growth and cell proliferation by, at least in part, regulating protein biosynthesis. It is thus not surprising that mTOR and its downstream targets have emerged as novel targets for cancer therapeutics (reviewed in Vivanco and Sawyers, 2002; Huang and Houghton, 2003) . Inhibition of mTOR-dependent signaling in cancer cells should mimic nutrient and growth factor deprivation, limiting cell growth and conferring a significant proliferative disadvantage.
The bacterially derived drug rapamycin (also known as sirolimus) specifically inhibits TOR, resulting in reduced cell growth, a reduced rate of cell cycle progression, and a reduced rate of proliferation (reviewed in Abraham and Wiederrecht, 1996; Schmelzle and Hall, 2000; Gingras et al., 2001b) . As a result, rapamycin analogs, such as CCI-779 and RAD001, are currently being tested in clinical trials for efficacy against a variety of human tumors (reviewed in Elit, 2002; Hidalgo and Rowinsky, 2000; Huang and Houghton, 2003) In addition to being a promising anticancer agent, rapamycin is an FDA-approved immunosuppressive drug to inhibit kidney transplant rejection and cardiology drug to inhibit the restenosis that often occurs after angioplasty (Morice et al., 2002; Moses et al., 2003; and reviewed in Marks, 2003) . Thus, in addition to the insights we will gain into how cell, organ, and organismal growth are controlled, understanding TOR action may have direct clinical application in human disease.
In this review, we outline our emerging understanding of TOR regulation, TOR signaling, and the control and coordination of cell growth and cell cycle progression by TOR, with an outlook toward how disregulated TOR signaling may contribute to tumorigenesis. While this review will focus on mTOR and its implications for cancer biology, it is important to keep in mind that disregulated TOR function likely has pathophysiological significance for other human disease states, which we will briefly highlight.
Discovery of rapamycin and identification of TOR
The identification of striking antifungal activity in extracts of the soil bacterium, Streptomyces hygroscopicus, found on Easter Island (also known as Rapa Nui), led to the purification of the active compound (rapamycin) in the early 1970s (reviewed in Sehgal, 2003) . It was subsequently discovered that this drug also inhibited the proliferation of mammalian cells and suppressed the mammalian immune system by potently blocking the proliferation of B and T cells as well as exhibiting activity against solid tumors (reviewed in Sehgal, 2003) .
Early studies on rapamycin in the budding yeast Saccharomyces cerevisiae led to the identification of FKBP12 (FK506-binding protein of 12 kDa; encoded by the FPR1 gene) as a direct cellular receptor for the drug (Harding et al., 1989; Siekierka et al., 1989 Siekierka et al., , 1990 . FKBP12 is an abundant and ubiquitously expressed peptidyl-prolyl cis/trans isomerase that may function in protein folding (reviewed in Schreiber, 1991) . While rapamycin inhibits the isomerase activity of FKBP12 (Heitman et al., 1991; Koltin et al., 1991; Wiederrecht et al., 1991) , it appears that inhibition of this activity is not responsible for rapamycin sensitivity: Deletion of FPR1 (FKBP12) (or deletion of all four FKBP12 genes (FPR1-4)) in S. cerevisiae is not lethal; rather, the yeast are viable and exhibit resistance to the toxic effects of rapamycin (Heitman et al., 1991; Koltin et al., 1991; Dolinski et al., 1997) . Therefore, it is the presence of FKBP12, not its activity, that is required for the toxic, antiproliferative action of rapamycin in yeast. Genetic screens for mutations that rescue the antiproliferative effects of rapamycin in S. cerevisiae identified three genes that when mutated conferred rapamycin resistance, the targets of rapamycin TOR1 and TOR2, and FPR1 (FKBP12) (Heitman et al., 1991; Cafferkey et al., 1993) . Intriguingly, the TOR mutants were not recessive, like the FPR1 mutant, but rather dominantly acting point mutants. Wild-type Tor1p and Tor2p were found to interact in a ternary manner with a gain-of-function rapamycin/FKBP12 complex, and thus were unable to bind either rapamycin or FKBP12 alone (Stan et al., 1994; Chen et al., 1995; and reviewed in Schmelzle and Hall, 2000; Gingras et al., 2001b) . The rapamycinresistant point mutants (serine 1972 to arginine in Tor1p; serine 1975 to isoleucine in Tor2p) mapped to a region of TOR coined the FKBP12-rapamycin-binding (FRB) domain. In the presence of drug, these TOR mutants can neither bind to nor be inhibited by the rapamycin-FKBP12 complex, thereby allowing proliferation in the presence of rapamycin (Stan et al., 1994; Chen et al., 1995) .
While both the yeast Tor1p and Tor2p proteins are 67% identical and are targeted by rapamycin, they do not share identical functions. Deletion of TOR2 is lethal due to arrested proliferation at all points in the cell cycle (Kunz et al., 1993) , while deletion of TOR1 is not lethal, resulting only in a modest decrease in proliferation rate (Helliwell et al., 1994) . Deletion of both TOR1 and TOR2 mimics rapamycin treatment -the yeast arrest within one cell cycle in G 1 phase (Kunz et al., 1993; Helliwell et al., 1994) . Importantly, the lethality of the TOR2 deletion cannot be rescued upon overexpression of TOR1. These phenotypes, together with the data that yeast bearing a rapamycin-resistant point mutation in either Tor1p or Tor2p show resistance to rapamycininduced toxicity, suggest that Tor2p, in addition to sharing a rapamycin-sensitive function with Tor1p, shares an essential function that is resistant to rapamycin and that is not shared with Tor1p. This function is thought to be important for cell cycle-dependent organization of the actin cytoskeleton (Schmidt et al., 1996) . Subsequent biochemical studies in mammalian cells led to the identification and cloning of the mammalian target of rapamycin, mTOR, from human, rat, and mouse. Since several groups cloned the gene at about the same time, TOR is also known as FRAP (FKBP12-rapamcyin-associated protein), RAFT (rapamycin and FKBP12 target), RAPT (rapamycin target), or SEP (sirolimus effector protein) (Brown et al., 1994; Chen et al., 1994; Chiu et al., 1994; Sabatini et al., 1995; Sabers et al., 1995) . TOR is a large (290 kDa) evolutionarily conserved member of the phosphatidylinositol 3-kinase (PI3K)-kinase-related kinase (PIKK) superfamily in which a COOH-terminal kinase domain with lipid kinase homology functions as a serine/ threonine protein kinase (reviewed in Keith and Schreiber, 1995) . All mammalian PIKK family members (e.g. ATM, ATR, and DNA-PK) are similarly large and appear to function in cell cycle checkpoint control (reviewed in Keith and Schreiber, 1995) , consistent with the function of TOR in a nutrient-sensitive cell cycle checkpoint. In contrast to yeast species, which contain two TOR homologs (Tor1 and Tor2) (Helliwell et al., 1994) , only one TOR ortholog has been identified in higher eukaryotes, including mammals, flies, and worms (Brown et al., 1994; Chen et al., 1994; Chiu et al., 1994; Sabatini et al., 1995; Sabers et al., 1995; Oldham et al., 2000; Zhang et al., 2000; Long et al., 2002) .
TOR is 40-60% identical at the amino-acid level among mammals, flies, worms, and yeast (Heitman et al., 1991; Oldham et al., 2000; Zhang et al., 2000; Long et al., 2002) . Consistent with contacts predicted by the structure of the mTOR/rapamycin/FKBP complex (Chen et al., 1994; Stan et al., 1994; Choi et al., 1996) and with data from yeast, mutation of Ser2035 in the FRB domain of mTOR (analogous to serines 1972 and 1975 in Tor1 and Tor2, respectively) confers resistance to the known cellular and biochemical effects of rapamycin Brunn et al., 1997) . While rapamycin inhibits the rate of cell cycle progression and proliferation of mammalian cells via inhibition of mTOR, as it does in yeast, for reasons that are not currently understood, the potency of rapamycinmediated cell cycle inhibition in mammalian cells varies widely among cell types.
Domain structure of mTOR
The mTOR protein (2549 amino acids) is composed of numerous highly conserved yet poorly understood domains ( Figure 1 ). It is found in a 2 mDa complex on gel filtration (Kim et al., 2002) , suggesting associations with numerous cellular proteins, although only three mTOR-interacting proteins have been identified to date (Sabatini et al., 1999; Hara et al., 2002; Kim et al., 2002 Kim et al., , 2003 . The NH 2 -terminal half of TOR is composed of tandem HEAT repeats. Modeling of the tertiary structure of mTOR, however, suggests that most of the protein, except the kinase domain, consists largely of helical repeat units (Perry and Kleckner, 2003) . These HEAT repeats may form an extended superhelical structure to create multiple large interfaces for protein-protein interactions (Perry and Kleckner, 2003; and reviewed in Gingras et al., 2001b) . The COOH-terminus contains a highly conserved kinase domain; immediately NH 2 -terminal to the kinase domain lies the B100 amino-acid FRB domain, which binds the inhibitory rapamycin-FKBP12 complex. The FRB/kinase domain pair is flanked by an NH 2 -terminal B500 amino acid moderately conserved FAT domain and by a smaller, highly conserved FATC domain at the extreme COOHterminus of the protein. The FAT and FATC domains are found in all PIKK family members and may interact with each other to regulate kinase activity. Deletion analysis has mapped a repressor domain (amino acids 2430-2450) to the COOH-terminus of mTOR, just upstream of the FATC domain: deletion of these 20 amino acids results in increased TOR kinase activity toward downstream targets in vitro and in vivo (Sekulic et al., 2000) . In general, mutagenesis of mTOR has been difficult, as subtle changes evoke significant defects in function, suggesting that the extended tertiary structure of mTOR is essential for function, rendering conventional structure/function analysis of mTOR difficult Peterson et al., 1999; Vilella-Bach et al., 1999; Kim et al., 2002) . While mTOR localizes predominantly to the cytoplasm under steady-state conditions, cytoplasmic/nuclear shuttling is important for it to regulate its downstream targets S6 kinase 1 (S6K1) and 4E-BP1 (Kim and Chen, 2000) .
How does the rapamycin/FKBP12 complex inhibit TOR?
While there is no question that rapamycin treatment of cells in vivo inhibits the ability of mTOR to send downstream signals and that the kinase activity of mTOR is absolutely required for the transmission of these signals Brunn et al., 1997; Burnett et al., 1998) , the mechanism by which rapamycin inhibits mTOR remains unclear. In one simple model of rapamycin function, the rapamycin/FKBP12 complex directly inhibits the kinase activity of mTOR. Unfortunately, several lines of evidence argue against this model. When mTOR is immunoprecipitated from cells treated with rapamycin in vivo, there is no inhibitory effect on mTOR's ability to autophosphorylate in vitro (Peterson et al., 2000) . Although it could be argued that the bound rapamycin/FKBP12 complex is lost during immunoprecipitation, rapamycin, in complex with recombinant FKBP12, inhibits mTOR autophosphorylation or exogenous substrate phosphorylation in vitro only at supraphysiological concentrations (0.5-10 mM); physiological rapamycin concentrations (10-20 nM) have very little effect. In addition, nutrient deprivation, rapamycin treatment, or growth factor stimulation, which potently regulate the activity of mTOR-dependent downstream targets, alter neither the in vitro kinase activity nor the in vivo autophosphorylation (on Ser2481) of mTOR (Peterson et al., 2000) .
Collectively, these data suggest that in vivo, rapamycin does not directly inhibit the kinase activity of mTOR. Rather, rapamycin likely acts by altering the Figure 1 Domain structure of TOR. The NH2-terminal half of TOR is composed of tandem HEAT repeats. Modeling of the tertiary structure of TOR, however, suggests that most of the protein (except the kinase domain) consists largely of helical repeat units (Perry and Kleckner, 2003) . The COOH-terminal half of the protein contains the central FAT domain, followed by the FRB, the kinase, and the FATC domains. mTOR is regulated by nutrients (amino acids and energy) and by growth factors to modulate rates of cell growth and cell cycle progression, which coordinately control cell proliferation. Rapamycin, in complex with FKBP12, directly binds to the FRB domain to inhibit mTORdependent downstream signaling composition of multiprotein mTOR complexes to hinder the integration of critical upstream regulatory signals or the accessibility of the kinase to downstream substrates. Indeed, two novel mTOR-interacting proteins, raptor and GbL, were recently identified and shown to be important for the ability of mTOR to phosphorylate S6K1 and 4E-BP1 in vitro and in vivo (Hara et al., 2002; Kim et al., 2002 Kim et al., , 2003 (to be discussed more below). The discovery that mTOR/ raptor complexes are easily disrupted with nonionic detergents may explain why measuring the in vitro kinase activity of mTOR has been so challenging and variable. Several pieces of data suggest that perhaps specific domains of TOR interact with critical regulators: Overexpression of the isolated FRB domain of mTOR in mammalian cells inhibits G 1 phase cell cycle progression, and this dominant-negative effect is abrogated with a single point mutation (Vilella-Bach et al., 1999) . In addition, a dominant-negative effect is produced when the TOR FAT domain, also known as the 'toxic effector domain', is overexpressed in yeast, resulting in the inhibition of proliferation (Alarcon et al., 1999) . As a result, while the rapamycin/FKBP12 complex may not directly inhibit TOR kinase activity, it may block interactions with regulatory proteins through steric hindrance or conformational change.
TOR senses and integrates nutrient and growth factor signals
Protein synthesis comprises a large share of cellular energetic expenditure. It is therefore not surprising that protein synthesis is initiated only when nutrients (amino acids and energy) and growth factors are present at sufficient levels. TOR is thought to sense and integrate environmental signals to control protein translation (and likely other cellular processes), which in turn is crucial for proper control of cell growth and cell cycle progression.
Nutrient sensing of amino-acid and energy signals
The nutrient sensing function of TOR is evolutionarily conserved (reviewed in Rohde et al., 2001; Crespo and Hall, 2002) . In S. cerevisiae, TOR is sensitive to changes in amino-acid, nitrogen, and glucose levels, and inhibition of TOR with rapamycin or by TOR deletion triggers a response program similar to nutrient starvation. In the fly, null mutations of dTOR impair larval growth and mimic the phenotype of amino-acid withdrawal (Oldham et al., 2000; Zhang et al., 2000) . In mammals as well, phosphorylation of the best-characterized downstream targets of mTOR, the ribosomal S6K1 and 4E-BP1, are sensitive to changes in aminoacid levels and glucose concentration Inoki et al., 2003b; Kim et al., 2002) . Amino-acid deprivation and rapamycin likely act via a similar mTOR-dependent mechanism, since expression of an S6K1 mutant bearing both NH 2 -and COOH-terminal deletions (DNT/CT), which is resistant to the inhibitory effect of rapamycin but sensitive to wortmannin, is also resistant to inhibition by amino-acid deprivation . While the mechanism by which mTOR senses amino-acid levels is unclear, several models have been proposed: mTOR may sense the charging of aminoacylated tRNA, since amino-acid alcohols, which are competitive inhibitors of aminoacyl-tRNA synthetases, inhibit mTOR regulation of S6K1 (Iiboshi et al., 1999) . It has also been suggested, however, that mTOR may be regulated directly or indirectly by intracellular amino acids, by their metabolites, or by amino acidactivated second messengers (Beugnet et al., 2003) .
As part of its ability to sense levels of environmental nutrients, mTOR also senses energy sufficiency. Reduction of cellular ATP levels with the glycolytic inhibitor 2-deoxyglucose specifically inhibits mTOR-dependent phosphorylation of S6K1 and 4E-BP1 (Dennis et al., 2001) . Interestingly, mTOR has an apparent K m for ATP greater than 1 mM, which is significantly higher than the K m of most protein kinases (10-20 mM) (Dennis et al., 2001) . The requirement for such a high K m may allow mTOR to effect downstream signaling only when cellular energy is high. mTOR may sense cellular energy levels by another mechanism that is dependent on the AMP-activated protein kinase (AMPK). The drug AICAR, an activator of AMPK, inhibits the phosphorylation of S6K1 and 4E-BP1 in an mTOR-dependent manner in some, but not all, cell types (Kimura et al., 2003) . AMPK is activated under states of low cellular energy (high AMP/ATP ratio) and acts to reduce ATP expenditure by inhibiting key enzymes of biosynthetic pathways and to increase the ATP supply by activating pathways producing ATP (reviewed in Hardie and Hawley, 2001) . One mechanism by which AMPK may modulate mTOR function was described recently: activated AMPK phosphorylates the tumor suppressor protein tuberous sclerosis 2 (TSC2; also known as tuberin), enhancing the ability of the TSC complex (a heterodimer composed of TSC1 and TSC2) to inhibit mTOR (Inoki et al., 2003b ) (see below for more discussion of TSC1 and TSC2 in regulation of mTOR). In the absence of TSC2, ATP depletion no longer results in dephosphorylation of S6K1 and 4E-BP1, and these cells are more susceptible to glucose-deprivation-induced apoptosis (Inoki et al., 2003b) . Thus, energy sufficiency is sensed by AMPK to modulate the tumor suppressor function of the TSC complex, which in turn regulates mTOR function (see Figure 2) . Hence, mTOR may not directly sense ATP levels, as suggested previously (Dennis et al., 2001) , but rather may be regulated by the AMP/ATP ratio via AMPK.
Growth factor sensing
The relationship of mTOR to regulation by growth factors, mitogens, and hormones continues to evolve. Certainly, the kinase activity of immunoprecipitated mTOR is not greatly altered following growth factor treatment. As noted above, it is unclear whether this result reflects the true in vivo activity of mTOR and therefore indicates that mTOR kinase activity does not respond significantly to growth factors, or whether the conditions that most researchers employ for measuring mTOR in vitro kinase activity are prone to artifact. While some growth factors may modestly increase phosphorylation of serine 2448, in a wortmanninsensitive and Akt-dependent manner (Nave et al., 1999) , the significance of serine 2448 phosphorylation remains unclear, as mutation of this site has no effect on the ability of mTOR to signal to the downstream targets S6K1 and 4E-BP1 (Sekulic et al., 2000) . The observation that phosphatidic acid (PA) stimulates the phosphorylation of S6K1 and 4E-BP1 in an amino-aciddependent and rapamycin-sensitive manner supports the idea that mTOR may indeed be regulated by growth factors and mitogens, in addition to its regulation by nutrients and energy (Fang et al., 2001) . PA is generated by mitogen-activated phospholipase D (PLD) and has been found to bind directly to the FRB domain of mTOR in vitro. In addition, a rapamycin-resistant mutant of S6K1 (DNT/CT) was insensitive to 1-and 2-butanol-induced inactivation (1-and 2-butanol block PA production by PLD), indicating that PA signals to S6K1 via mTOR (Fang et al., 2001) . Recent work has more clearly defined the mechanism by which PA leads to mTOR activation: Cdc42, a small Rho family Gprotein that was previously shown to be an upstream activator of S6K1 (Chou and Blenis, 1996) , activates PLD1 to increase cellular PA levels, which leads to the activation of S6K1 in a mTOR-dependent manner (Fang et al., 2003) . Consistent with a role for PLD in the regulation of mTOR action, high-level PLD expression and PA production correlates with rapamycin resistance in breast cancer cell lines, while inhibition of PLD activity restores rapamycin sensitivity . The recent identification of the PI3K/Akt/TSC/ Ras-homolog enriched in brain (Rheb) pathway as an upstream, nutrient-and growth factor-responsive regulator of Drosophila and mammalian TOR adds substantially more weight to the idea that mTOR function is controlled by growth factors (discussed below).
Coordinate control of the translational effectors S6K1 and 4E-BP1 by TOR-and PI3K-dependent signals Both mTOR-and PI3K-dependent signals coordinately control the translational effectors S6K1 and 4E-BP1. In response to a wide variety of extracellular stimuli, PI3K phosphorylates the lipid phosphatidylinositol-4, 5-bisphosphate (PIP 2 ) at the 3 0 -OH position to generate the lipid second messenger phosphatidylinositol-3, 4, 5-triphosphate (PIP 3 ). PIP 3 lipids then recruit proteins containing pleckstrin homology (PH) domains, such as phosphatidylinositol-dependent kinase-1 (PDK1) and the serine/threonine kinase Akt (also known as protein kinase B, PKB), to the plasma membrane where they can be fully activated (see, Rameh and Cantley, 1999; Cantley, 2002 , for more complete reviews of PI3K-dependent signaling). PI3K function is important for a wide range of cellular processes including cell growth, cell cycle progression and proliferation, cell survival, and cell migration. Aberrantly high PI3K-dependent signaling has been implicated in a wide variety of human cancers, and importantly, PI3K-stimulated oncogenesis is dependent on mTOR (reviewed in Vogt, 2001; Vivanco and Sawyers, 2002) .
As phosphorylation of S6K1 and 4E-BP1 is sensitive to inhibition by both rapamycin and wortmannin, researchers often place PI3K and mTOR in a linear signaling pathway. Such a linear wiring diagram is too simplistic, however, as a mutant of S6K1 (DNT/CT) that is resistant to inhibition by rapamycin is still sensitive to inhibition by wortmannin (Cheatham et al., 1995; Weng et al., 1995) ; thus, the mTOR and PI3K signals to S6K1 can be dissociated. The relationship of mTOR to PI3K has been further complicated by the fact that wortmannin, when used at 100-fold higher concentrations than is required to inhibit PI3K inhibits mTOR and other PIKK family members, including mTOR (Brunn et al., 1996) ; more alarmingly, LY294002 may inhibit both PI3K and mTOR at similar concentrations (Brunn et al., 1996) . Thus, one must be Figure 2 Integration of nutrient and growth factor signaling regulates mTOR-dependent downstream signaling. mTOR is regulated by PI3K/Akt-dependent signaling and by nutrients, such as amino acids and energy. PI3K converts the lipid PI-4,5-P2 (PIP 2 ) into PI-3,4,5-P3 (PIP 3 ), which localizes Akt to the membrane where it can be phosphorylated and activated by PDK1. The lipid phosphatase PTEN antagonizes PI3K action by converting PIP 3 back to PIP 2 . Activated Akt phosphorylates TSC2, resulting in the inhibition of the tumor suppressor function of the TSC1/2 complex. Rheb, a small GTPase that is inactivated by TSC2s GAP activity, positively modulates mTOR function. mTOR phosphorylates both S6K1 and 4E-BP1 via independent pathways, resulting in the activation of S6K1 and inactivation of 4E-BP1 as a repressor of the translation initiation factor eIF4E. Increased S6K1 and eIF4E action independently promote cell growth and cell cycle progression. S6K1 and 4E-BP1 are also phosphorylated by PI3K-dependent but mTOR-independent mechanisms. Amino-acid sufficiency is somehow sensed by TSC1/2, Rheb, and/or mTOR. Under low-energy conditions, mTOR is inhibited: the AMP/ATP ratio rises and activates AMPK. AMPK then phosphorylates TSC2 to enhance the tumor suppressor function of the TSC1/2 complex. Arrows depict activation, bars depict inhibition, and dotted lines depict unknown pathways. The Drosophila TOR pathway is very similar to the mammalian TOR pathway, as shown extremely cautious when interpreting experiments employing pharmacological inhibition of PI3K with wortmannin and LY294002 so as not to ascribe a function to PI3K that is truly controlled by mTOR. The consensus in the field has thus been, until recently, that mTOR and PI3K lie in parallel signaling pathways that converge on common downstream targets, with aminoacid and energy sufficiency being mediated primarily via mTOR and growth factor, mitogen, and hormone sufficiency being mediated primarily via PI3K. The recent discovery that the PI3K/Akt/TSC/Rheb pathway (reviewed in Manning and Cantley, 2003a) (to be discussed below) lies upstream of mTOR highlights the complexity of mTOR regulation and indicates that PI3K-regulated growth factor signaling pathways indeed crosstalk with the nutrient sensing function of mTOR. Thus, a current model would suggest that PI3K lies both upstream of and parallel to mTOR, with both branches converging on common downstream targets ( Figure 2 ).
Signaling to S6K1: regulation of ribosome biogenesis?
While this review mainly focuses on the mTOR target S6K1, it is important to note that mammals possess two S6 kinase genes, S6K1 and S6K2, each of which are found as two alternatively spliced isoforms (reviewed in Martin and Blenis, 2002) . The B70 kDa isoform of S6K1 (aII) is the best-studied S6 kinase and localizes predominantly to the cytoplasm, while the B85 kDa isoform (aI) localizes to the nucleus due to a nuclear localization sequence (NLS) contained within an NH 2 -terminal 23 amino-acid extension. Both S6K2 isoforms localize to the nucleus due to an NLS in the COOHterminus. Similar to S6K1, two isoforms of S6K2 have been described; splice variant bI contains a 13 aminoacid extension NH 2 -terminal extension compared to the bII isoform.
S6K1 is ubiquitously expressed and activated by a wide variety of extracellular signals. When activated by the convergence of mTOR-and PI3K-dependent signals, S6K1 functions as an in vivo kinase toward the 40S ribosomal protein S6 (Jeno et al., 1988) , which has been suggested to increase the translational efficiency of a class of mRNA transcripts that contain a terminal oligopyrimidine (TOP) tract at their 5 0 -end (Jefferies et al., 1994 (Jefferies et al., , 1997 Terada et al., 1994) . Many of these 5 0 -TOP mRNAs encode components of the translation machinery, such as ribosomal proteins and elongation factors (reviewed in Sonenberg and Gingras, 1998) . S6K1 is therefore thought to upregulate the general translational capacity of the cell by enhancing the translation of components required for protein synthesis, a process known as 'ribosome biogenesis'. It is important to note, however, that the role of S6K1 and ribosomal protein S6 phosphorylation in 5 0 -TOP translation has recently been questioned (Tang et al., 2001; Stolovich et al., 2002) . For example, through a variety of approaches, amino-acid-and growth factor-induced S6K1 activation and S6 phosphorylation can be dissociated from 5 0 -TOP translation (Tang et al., 2001; Stolovich et al., 2002) . The authors of these studies concluded that amino-acid and growth factor regulation of 5 0 -TOP mRNAs requires PI3K-dependent signals, partially requires mTOR-dependent signals, and does not require S6K1 activity or phosphorylation of ribosomal protein S6 (Tang et al., 2001; Stolovich et al., 2002) . In light of these findings, it is important to keep in mind that a major function of S6K may not involve the driving of 5 0 -TOP translation. Regulation of S6K1 is complex, involving at least eight phosphorylation sites regulated by mTOR-and growth factor-dependent signaling pathways. PI3K-dependent activation of S6K1 is mediated by a variety of effectors, including PDK1, Akt, PKCz and l, and the small G proteins Cdc42 and Rac1 (Chou and Blenis, 1996; Alessi et al., 1998; Pullen et al., 1998; Dufner et al., 1999; Romanelli et al., 1999; and reviewed in Martin and Blenis, 2002) . The best understood phosphorylation event on S6K1 is the direct phosphorylation of threonine 229, which lies in the activation loop of the kinase domain, by PDK1 (Alessi et al., 1998; Pullen et al., 1998) . Phosphorylation of all the remaining sites is less well understood. The C-terminus of S6K1 contains four proline-directed sites (serines 411, 418, 421, and threonine 424). It is important to note that the in vivo kinase(s) responsible for these C-terminal phosphorylation events is not definitively known. Two phosphorylation sites in the linker region, serine 371 and threonine 389, are essential for S6K1 activity (Pearson et al., 1995; Moser et al., 1997) . While the kinase responsible for phosphorylation of 371 is not known, mTOR can directly phosphorylate threonine 389 in vitro (Burnett et al., 1998; Isotani et al., 1999) . Indeed, threonine 389 is the major rapamycin-sensitive site, although rapamycin also leads to the rapid dephosphorylation of threonine 229 and serine 404 (Pearson et al., 1995; Weng et al., 1998) , indicating that mTOR somehow influences the phosphorylation of these sites as well.
The domain structure of S6K1 can be divided into four regions: an acidic NH 2 -terminus, followed by the catalytic domain, a linker region, and a basic COOHterminus containing an autoinhibitory pseudosubstrate domain. S6K1 is thought to exist in an inactive conformation when the acidic NH 2 -terminus interacts with the basic COOH-terminal region, thereby stabilizing the interaction of the pseudosubstrate domain with the catalytic site (reviewed in Martin and Blenis, 2002) . Phosphorylation of the four C-terminal sites is thought to be an initiating event in S6K1 activation, relaxing the conformation of the kinase to allow phosphorylation of threonine 389, which is proposed to create a docking site for PDK1, resulting in the final phosphorylation of threonine 229 by PDK1 (Biondi et al., 2001) . Of course, this model is likely too simplistic to explain S6K1 activation. For example, while phosphorylation of threonine 229 is enhanced by prior phosphorylation at threonine 389, phosphorylation of threonine 389 is also enhanced by phosphorylation at threonine 229 Williams et al., 2000) . With regard to threonine 389 phosphorylation, the major rapamycinsensitive site, rapamycin treatment induces its rapid dephosphorylation (Pearson et al., 1995) , suggesting that an mTOR-inhibited phosphatase may dephosphorylate threonine 389. Furthermore, the kinase activity and threonine 389 phosphorylation status in the DNT/ CT S6K1 mutant is resistant to rapamycin, yet still stimulated with insulin in a wortmannin-sensitive manner, suggesting that a PI3K-dependent signal leads to phosphorylation of threonine 389 as well (Cheatham et al., 1995; Weng et al., 1995) . Lastly, autophosphorylation may also play a significant role in regulating the phosphorylation of threonine 389 (Romanelli et al., 2002) .
While the ribosomal protein S6 is the best-characterized substrate of S6K1, other targets have been reported but not extensively studied, including the transcription factor CREMt (de Groot et al., 1994) , the RNA splicing and export factor CBP80 (Wilson et al., 2000) , the apoptotic protein BAD (Harada et al., 2001) , and the eukaryotic elongation factor 2 kinase (eEF2K) ). In addition, we have recently identified a novel S6K1-interacting protein and in vivo substrate, SKAR, which bears homology to the ALY/REF family of proteins that couple transcription, splicing and RNA export (Richardson et al., submitted) , suggesting that perhaps S6K1 may have a role in RNA processing. At this point in time, it is fair to say that our understanding of the biochemical function of S6K1 is poor, although S6K1 clearly plays an important role in the regulation of cell growth, cell cycle progression, and cell proliferation (Kawasome et al., 1998; Shima et al., 1998; Brennan et al., 1999; Montagne et al., 1999; Vinals et al., 1999; Fingar et al., 2002 Fingar et al., , 2004 ) (see below).
Signaling to 4E-BP1: regulation of cap-dependent translation
Treatment of cells with growth factors, mitogens, and hormones increases rates of protein translation, while nutrient deprivation or environmental stresses have the opposite effect (reviewed in Gingras et al., 2001b) . Similar to S6K1, 4E-BP1 (also known as PHAS-I), a repressor of the translation initiation factor eIF4E and thus an inhibitor or protein biosynthesis, is regulated by the above cellular conditions via the coordinate action of mTOR-and PI3K-dependent signals. S6K1 and 4E-BP1 function in parallel pathways that bifurcate downstream of mTOR (von Manteuffel et al., 1997) . While this review will focus on 4E-BP1, it is important to note that mammals possess three 4E-BPs isoforms, 4E-BP1, 2, and 3. eIF4E is the rate-limiting translation initiation factor that binds to the Cap structure (m 7 GpppN) at the 5 0 -end of mRNA transcripts to initiate cap-dependent translation (reviewed in Gingras et al., 2001b) . In the absence of nutrients or growth factors, 4E-BP1 is hypophosphorylated and associates tightly with eIF4E to inhibit eIF4E function (reviewed in Gingras et al., 2001b) . Growth factor stimulation in the presence of sufficient nutrients leads to the phosphorylation of 4E-BP1 at multiple sites and induces its dissociation from eIF4E. Free eIF4E then binds to the scaffolding protein eIF4G, which assembles the initiation complex by recruiting other initiation factors including eIF4A, which is a helicase that unwinds RNA secondary structure. eIF4G further interacts with eIF3, which recruits the 40S ribosome to the 5 0 -end of the mRNA. As 4E-BP1 and eIF4G share an overlapping binding site on eIF4E, their binding is competitive and mutually exclusive (Marcotrigiano et al., 1999) .
Phosphorylation of 4E-BP1 is also complex, occurring on multiple sites in an ordered manner, and is sensitive to rapamycin and PI3K inhibitors (reviewed in Gingras et al., 2001b) . In the presence of sufficient growth factors and nutrients, major sites of 4E-BP1 phosphorylation include the proline-directed sites threonines 37 and 46, serine 65, and threonine 70 (reviewed in Gingras et al., 2001b) . Phosphorylation at both threonines 37 and 46 is thought to be a priming event that is absolutely required for mitogen-induced serine 65 and threonine 70 phosphorylation, which results in the release of eIF4E (Gingras et al., 1999a (Gingras et al., , 2001a Mothe-Satney et al., 2000a) . Phosphorylation of threonine 70 appears to be required for the subsequent phosphorylation of serine 65 (Gingras et al., 1999a (Gingras et al., , 2001a Mothe-Satney et al., 2000a , 2000b . Threonines 37 and 46 are basally phosphorylated in the absence of serum and stimulated only slightly by serum (Gingras et al., 1999a) . Under serum-starved but amino-acid-rich conditions, rapamycin potently inhibits threonines 37 and 46 phosphorylation, indicating that mTOR is required for the phosphorylation of these sites (Gingras et al., 2001a) . Indeed, immunoprecipitated mTOR phosphorylates 4E-BP1 on threonines 37 and 46 in vitro, suggesting that mTOR can directly phosphorylate these sites (Brunn et al., 1997; Burnett et al., 1998; Gingras et al., 1999a) . The modest mitogen-stimulated phosphorylation of threonines 37 and 46 that occurs upon growth factor stimulation is mostly resistant to rapamycin, implying that mTOR-independent kinases also phosphorylate these sites upon mitogen stimulation (Gingras et al., 2001a) . Serine 65 and threonine 70 are potently phosphorylated upon mitogen stimulation. In the presence of serum, rapamycin induces a rapid dephosphorylation of serine 65 and threonine 70 (Gingras et al., 2001a) , indicating that mTOR plays a critical role in maintaining serine 65 and threonine 70 phosphorylation. It is unlikely that mTOR phosphorylates serine 65 and threonine 70 directly, given that mTOR does not phosphorylate these sites in vitro (Burnett et al., 1998) . Therefore, phosphorylation of serine 65 and threonine 70 has been proposed to be regulated by an mTORdependent kinase or mTOR-inhibited phosphatase (Brunn et al., 1997; Heesom and Denton, 1999; Mothe-Satney et al., 2000b) . Treatment of cells with calyculin A, which inhibits type 1 and 2 protein phosphatases, prevents rapamycin-induced dephosphorylation of 4E-BP1 (Peterson et al., 1999) , underscoring the possibility that serine 65 and threonine 70 are dephosphorylated by an mTOR inhibited phosphatase.
4E-BP1 phosphorylation is also regulated by the PI3K/Akt pathway (von Manteuffel et al., 1996; Gingras et al., 1998; Takata et al., 1999) . 4E-BP1 phosphorylation is stimulated by the expression of an activated PI3K catalytic subunit or an activated Akt mutant and inhibited by a dominant-negative Akt mutant or the PI3K inhibitors wortmannin and LY294002 Dufner et al., 1999; Takata et al., 1999) . Akt does not directly phosphorylate 4E-BP1 in vitro, however, suggesting that an unidentified Akt-regulated kinase(s) phosphorylates 4E-BP1 . It is also reported that mitogenactivated protein kinase (MAPK) may phosphorylate and regulate 4E-BP1 Lin et al., 1994; Herbert et al., 2002) .
TOR-dependent regulation of phosphatases?
In budding yeast, protein phosphatases are critical downstream targets of TOR. In a nutrient-dependent manner, yeast TOR proteins stimulate the association of the phosphatases Sit4 (PP6-like) and Pph21/22 (PP2A-like) with the phosphatase-interacting protein, Tap42, an interaction that results in the inhibition of phosphatase function by competing out other regulatory subunits (Di Como and Arndt, 1996; Jiang and Broach, 1999) . Consistent with a role for TOR in regulating the Tap42/phosphatase interaction, nutrient deprivation or rapamycin induces dissociation of the Tap42/phosphatase complex, and mutations in Tap42 confer rapamycin resistance (Di Como and Arndt, 1996; Jiang and Broach, 1999) . Recently, the TAP42-interacting protein, TIP41, was identified as a novel regulator of Tap42 and Sit4 (Jacinto et al., 2001) . TIP41 interacts with TAP42 during conditions of nutrient deficiency and therefore promotes PP2A activity. TOR directly phosphorylates TIP41 leading to the release of TAP42, which can then bind to and inhibit PP2A or Sit4 (Jacinto et al., 2001) . This role of TOR in the regulation of phosphatase function in yeast is important for the transcriptional and translational events required for ribosome biogenesis (reviewed in Crespo and Hall, 2002) .
In mammalian cells, a human ortholog of TAP42 has been identified, the B-cell receptor-binding protein alpha 4 (a4), that interacts with the catalytic subunit of PP2A (Murata et al., 1997) . As the rapamycin sensitivity of this interaction is controversial, it is not clear whether the mTOR pathway regulates formation of a phosphatase/Tap42-like complex in mammals, as in yeast (Murata et al., 1997; Nanahoshi et al., 1998) . Consistent with a role for a phosphatase in mediating mTOR signaling, TAP42 and a4 have been shown to interfere with PP2A-induced dephosphorylation of 4E-BP1 in vitro (Nanahoshi et al., 1998) , and rapamycin-or aminoacid deprivation-induced dephosphorylation of S6K1 can be blocked with the phosphatase calyculin A (Peterson et al., 1999) . In addition, PP2A has been shown to interact with wild-type S6K1 but not with a rapamycin-resistant mutant (DNT/CT) (Peterson et al., 1999; Westphal et al., 1999) , adding support to the idea that mTOR may regulate the activity of a phosphatase. More work will be required before it is determined whether mTOR-dependent signaling definitively regulates phosphatase function in mammals, as in yeast.
TOR-dependent regulation of cellular processes other than translation
While the role of mTOR in control of protein synthesis in mammals is well documented, analogies to TOR function in S. cerevisiae suggest that mTOR will be shown to play important roles in a diverse array of cellular processes in addition to protein synthesis (reviewed in Rohde et al., 2001; Crespo and Hall, 2002) . Mutation of TOR in budding yeast or rapamycin treatment elicits changes in gene expression, amino-acid permease function, autophagy, and the organization of the actin cytoskeleton, as well as inhibition of protein synthesis. TOR regulates, both positively and negatively, a diverse array of nutrient-regulated metabolic genes. TOR controls ribosome biogenesis by controlling the expression of ribosomal protein mRNAs as well as the transcription of rRNA and tRNA (reviewed in Rohde et al., 2001; Crespo and Hall, 2002) . Gene expression is also regulated by TOR by controlling the subcellular localization of transcription factors; for example, TOR-dependent phosphorylation of the GATA transcription factor GLN3 allows it to bind to and be sequestered in the cytoplasm by the repressor URE2 (Beck and Hall, 1999) . TOR also regulates, both positively and negatively, the stability of various aminoacid permeases, thus allowing the yeast cell to fine tune the intracellular amino-acid environment (reviewed in Rohde et al., 2001; Crespo and Hall, 2002) . TORdependent signaling also inhibits autophagy, the process whereby cytoplasmic proteins are degraded into constituent amino acids; thus, when TOR is inactivated or when yeast are grown on rapamycin, poor carbon sources, or poor nutrient media, TOR is downregulated and autophagy is activated as a survival response (reviewed in Rohde et al., 2001; Crespo and Hall, 2002) . In this way, TOR functions as a rheostat that responds sensitively to nutritional cues to help yeast survive extreme conditions. As basic cellular processes in lower and higher eukaryotes tend to be conserved, it is likely that mTOR in mammals controls cellular processes other than protein synthesis. Indeed, regulation of cellular functions in addition to protein synthesis is beginning to be ascribed to mTOR.
While the role of TOR in controlling gene expression in budding yeast is well documented, a role for mTOR in controlling mammalian gene expression is just beginning to be appreciated. mTOR has been reported to directly phosphorylate STAT3 (signal transducer and activator of transcription) in a rapamycin-sensitive manner (Yokogami et al., 2000) , and S6K1 has been reportedtophosphorylatethetranscriptionfactorCREMt (de Groot et al., 1994) . In addition, microarray analysis of RNA isolated from cells deprived of nutrients or treated with rapamycin has demonstrated an important role for mTOR in controlling the expression of genes involved in many metabolic and biosynthetic pathways (Peng et al., 2002) . mTOR, via S6K1, has also been recently shown to activate rDNA transcription, a major rate-limiting step in ribosome biogenesis, through the phosphorylation of the transcription factor UBF (Hannan et al., 2003) . In addition, the phosphorylation of the protein URI, which indirectly binds to RNA polymerases I, II, and III, and is required for nutrientsensitive transcriptional regulation, has been shown to be mTOR-dependent and thus rapamycin-sensitive (Gstaiger et al., 2003) . mTOR-dependent signaling may also regulate post-transcriptional processes important for mRNA biogenesis. For example, the RNA splicing and export factor CBP80 was reported to be a substrate of S6K1 (Wilson et al., 2000) , and we have identified a novel substrate specific for S6K1 (i.e. not phosphorylated by S6K2), named SKAR, that bears homology to the ALY/REF family of proteins that couple transcription, splicing, and RNA processing (Richardson et al., submitted) , suggesting a posttranscription role for S6K1. The fact that three of four isoforms of S6K (p85-S6K1 aI, S6K2 bI, and p54-S6K2 bII) localize to the nucleus suggests that the mTOR to S6K signaling branch regulates nuclear targets and processes, an area that awaits future research.
A role for mTOR in cellular processes other than translation and gene expression is also beginning to be identified. For example, mTOR has been reported to regulate autophagy (Blommaart et al., 1995; Shigemitsu et al., 1999) . mTOR may also provide antiapoptotic function: Akt-mediated protection from apoptosis is mediated, at least in part, by mTOR-dependent stabilization of cell surface amino-acid transporters (Edinger and Thompson, 2002) , and the proapoptotic protein BAD has been reported to be a substrate of S6K1 (Harada et al., 2001) . Clearly, we are just beginning to define the role of mTOR in the regulation of a diverse array of cellular functions.
Mechanism of TOS to S6K1 and 4E-BP1: identification of TOR-interacting proteins and the TOS motif
Although mTOR is found in a high molecular weight complex and is composed of multiple domains that may function in protein-protein interactions, the identification of mTOR-interacting proteins has proven elusive, until recently. Raptor (150 kDa) and GbL (36 kDa) (also known as mLST8), both WD40-repeat-containing proteins, were found to associate with mTOR (Hara et al., 2002; Kim et al., 2002 Kim et al., , 2003 . The association of raptor and GbL with mTOR is evolutionarily conserved, as budding yeast TOR1 and TOR2 were found to associate with the raptor ortholog KOG1 and the GbL ortholog LST8 (Loewith et al., 2002) .
Raptor and mTOR are believed to function as part of a nutrient-sensitive complex, translating this information into an appropriate downstream response (reviewed in Abraham, 2002) . Kim et al. (2002) suggest that raptor both positively and negatively modulates mTOR function: a constitutive mTOR/raptor interaction is required for mTOR-dependent downstream signaling, while a second, high-affinity interaction negatively regulates mTOR during nutrient insufficiency. Hara et al. (2002) suggest only a positive role for raptor in regulation of mTOR by functioning as a scaffold that brings the mTOR kinase in close proximity to its substrates. Consistent with this model, the binding of raptor to mTOR significantly enhances mTOR-mediated phosphorylation of 4E-BP1 and S6K1, and raptor interacts with both S6K1 and 4E-BP1 (Hara et al., 2002) . The interaction of mTOR with GbL appears to mediate positively mTOR function, as cotransfection of GbL with mTOR significantly stimulates the in vitro kinase activity of mTOR toward S6K1 and 4E-BP1, and stimulates the ability of mTOR to autophosphorylate (Kim et al., 2003) . Since reduction of raptor or GbL expression with siRNA reduces the phosphorylation of S6K1 on the rapamycin-sensitive site, threonine 389, it seems clear that these proteins play an important role in mTOR action (Kim et al., 2003) . In budding yeast, TOR1 or TOR2 associates with KOG1 (raptor) and LST8 (GbL), a complex coined TORC1, while TOR2 is also found in a distinct complex with the proteins AVO1, 2, and 3, and with LST8, a complex coined TORC2 (Loewith et al., 2002) . Interestingly, while the TORC1 complex binds rapamycin/FKBP12, and disruption of the TORC1 complex mimics rapamycin treatment, the TORC2 complex does not bind rapamycin/FKBP12 and its disruption produces an actin defect (Loewith et al., 2002) . These data argue that the TORC1 complex mediates rapamycin-sensitive signaling functions, while the TORC2 complex mediates TOR2-specific, rapamycin-insensitive functions. It is important to note that currently it is not known whether mTOR is able to signal in a rapamycin-insensitive manner in mammals as in yeast.
As mentioned earlier, the sensitivity of mTOR/raptor complex to disruption by detergents likely explains why mTOR-interacting proteins have proven so difficult to identify in the past and may explain why the kinase activity of mTOR measured in vitro correlates poorly with the activation state of downstream targets in vivo. Indeed, when endogenous mTOR is immunoprecipitated under conditions that preserve raptor association, significant regulation of mTOR kinase activity toward exogenous substrates is observed (e.g. amino-acid withdrawal or glucose deprivation result in decreased in vitro kinase activity of mTOR toward S6K1 and 4EBP1 that is restored upon their readdition) (Kim et al., 2002) . As raptor association plays a positive role in mTOR function, the effect of rapamycin on the mTOR/raptor complex was studied: Rapamycin appears to destabilize the complex but not to disrupt it completely (Hara et al., 2002; Kim et al., 2002) .
The mechanism by which raptor positively mediates mTOR-dependent downstream signaling was recently clarified upon the discovery of the TOS motif in the NH 2 -terminus of the S6 kinases and the COOHterminus of the 4E-BPs (Schalm and Blenis, 2002) . A functional TOS motif is required for the mTORmediated phosphorylation of S6K1 and 4E-BP1 in vivo, as mutation of the TOS motif mimics the effect of rapamycin treatment on phosphorylation of these substrates (Schalm and Blenis, 2002; Schalm et al., 2003) . The TOS motif is required for raptor to interact with 4E-BP1 (either directly or indirectly), thus functioning to assemble an mTOR/raptor/4E-BP1 complex (Choi et al., 2003; Nojima et al., 2003; Schalm et al., 2003) . In addition, a functional TOS motif is required for the mTOR/raptor complex to phosphorylate efficiently 4E-BP1 in vitro, and overexpression of a 4E-BP1 mutant bearing an inactive TOS motif (F114A) that cannot bind raptor dominantly inhibits cell growth and reduces cell size, indicating that the TOS motif on 4E-BP1 is important physiologically for control of cell growth (Choi et al., 2003; Nojima et al., 2003; Schalm et al., 2003) . These data support the scaffold model whereby raptor presents the mTOR kinase to its downstream substrates.
TOR regulation by the PI3K/Akt/TSC/Rheb pathway: integration of nutrient and growth factor signals An exciting new area of research in the mTOR signaling field has been the discovery that the proteins TSC1 and TSC2 and Rheb provide an evolutionarily conserved link between the growth factor-regulated PI3K/Akt pathway and the nutrient-sensitive mTOR pathway.
TSC1/2, a novel negative regulator of TOR
In both mammals and Drosophila, TSC1 (also known as hamartin) and TSC2 (also known as tuberin) associate with each other to form a heterodimer that provides tumor suppressor function by inhibiting cell cycle progression and cell proliferation (reviewed in Kwiatkowski, 2003; Manning and Cantley, 2003b) . Consistent with the requirement for heterodimer formation in tumor suppressor function, mutation of either TSC1 or TSC2 results in the pediatric disease tuberous sclerosis, TSC, which is an autosomal dominant disorder affecting B1 in 6000 children (reviewed in Kwiatkowski, 2003) . In TSC, benign tumors known as hamartomas form in many organs including the brain, heart, kidney, lungs, and skin, and afflicted individuals often have neurological problems including seizures, mental retardation, and autism, heart, kidney, and lung failure, and severe skin rashes. While the hamartomas can grow in size to cause serious medical problems, they rarely become malignant; for example, only B2% of TSC patients develop malignant tumors, which tend to occur in the kidney (reviewed in Kwiatkowski, 2003) . In mice, homozygous inactivation of either TSC1 or TSC2 results in embryonic lethality, while heterozygous inactivation predisposes the animals to tumorigenesis, consistent with these proteins providing tumor suppressor function in vivo (Onda et al., 1999; Kobayashi et al., 1999 Kobayashi et al., , 2001 ; and reviewed in Kwiatkowski, 2003) .
The molecular function of the TSC1/2 complex has proven elusive until recently. Complementary data from genetics and biochemistry in both mammalian systems and Drosophila have provided novel insight into the molecular function of TSC1 and TSC2 and their role in organismal physiology. Genetic screens in the Drosophila compound eye geared toward identifying negative regulators of cell growth and proliferation identified TSC1 as a gene, which when mutated, produced an overgrowth phenotype -large eyes containing large ommatidia as a result of a cell autonomous increase in cell size (Gao and Pan, 2001; Potter et al., 2001; Tapon et al., 2001a) . Indeed, inactivation of either TSC1 or TSC2 (also known as gigas) produces large eyes as a result of increased cell size, while overexpression of TSC1 and TSC2 together but not alone reduces overall organ size as a result of a reduction in both cell size and cell number (Gao and Pan, 2001; Potter et al., 2001; Tapon et al., 2001a) . Thus, a primary role for TSC1 and TSC2 appears to be in restricting cell and organ size. The role of TSC1/2 in restricting cell growth is evolutionarily conserved, as overexpression of TSC1 or TSC2 in cultured mammalian cells also reduces cell size (Inoki et al., 2003b; Rosner et al., 2003) . Genetic epistasis experiments placed TSC1/2 in the Drosophila insulin signaling pathway: TSC1 and TSC2 were found to be epistatic (dominant) to the insulin receptor, PTEN, and dAkt, but dS6K was found to be epistatic to TSC1/ 2 (Gao and Pan, 2001; Potter et al., 2001; Tapon et al., 2001a; Radimerski et al., 2002) . These interactions suggested that TSC1/2 functioned genetically downstream of PI3K and Akt but upstream of dS6K. Interestingly, manipulation of both PTEN and TSC1/2 produce a synergistic phenotype (e.g. overexpression of both more strongly reduces eye size than overexpression of either one individually, or inactivation of both more strongly increases eye size than inactivation of either one individually), indicating that PI3K also signals independent of TSC1/2 to regulate cell and organ size (Gao and Pan, 2001; Tapon et al., 2001a) . Consistent with data from mice, homozygous inactivation of either TSC1 or TSC2 in flies results in embryonic lethality (Gao and Pan, 2001; Potter et al., 2001; Tapon et al., 2001a) . The observation that a reduction of dTOR or dS6K signaling partially rescues the lethality and increased cell size phenotype of flies lacking TSC1/2 function confirms the placement of dTOR downstream of (or parallel to) TSC1/2 in a biochemical signaling pathway that controls cell growth (Gao and Pan, 2001; Radimerski et al., 2002) .
On the heels of genetic analyses in flies identifying TSC1/2 in the insulin signaling pathway as a regulator of cell growth came biochemical experiments confirming the placement of TSC1/2 upstream of dTOR, functioning to regulate negatively it and its downstream targets. In cultured cells from both Drosophila and mammals, overexpression of TSC1 and TSC2 together inhibits the phosphorylation of S6K and 4E-BP1 (Inoki et al., 2002; Tee et al., 2003b) , while depletion of TSC1 or TSC2 with siRNA leads to increased phosphorylation of S6K and 4E-BP1 that is rapamycin-sensitive (Gao et al., 2002) . Importantly, TSC2 alleles derived from TSC patients fail to inhibit phosphorylation of S6K1 and 4E-BP1 (Inoki et al., 2002; Tee et al., 2003b) . Mammalian cells lacking TSC1 or TSC2 also exhibit increased S6K1 phosphorylation and activity that is rapamycin sensitive (Gao et al., 2002; Goncharova et al., 2002) . Moreover, mutants of S6K1 that are insensitive to an mTOR input, and thus resistant to the inhibitory effect of rapamycin, are not inhibited by an overexpressed TSC1/2 complex (Inoki et al., 2002; Tee et al., 2002) . These data collectively demonstrate TOR to be an obligate intermediate in the TSC-dependent regulation of S6K1.
Several pieces of data suggest that the TSC1/2 complex is somehow required for mTOR to sense nutritional sufficiency. Overexpression of TSC1/2 blocks the ability of amino acids to activate S6K1 in nutrientdeprived cells (Inoki et al., 2002; Tee et al., 2002) . Moreover, amino-acid deprivation fails to reduce the increased phosphorylation of S6K observed in TSC1 or TSC2 null mammalian cells, or in Drosophila cells with siRNA-mediated reduction of TSC1 or TSC2 expression; importantly, the S6K activation that results from PTEN deletion in flies is still sensitive to amino-acid withdrawal (Gao et al., 2002) . These data argue that a functional TSC1/2 complex is required for the nutrientsensing ability of TOR. It is important to note, however, that the mechanism for such a regulation is unknown; furthermore, it is also not known whether the nutrient responsiveness of mTOR is sensed solely via the upstream TSC complex or whether nutrient signals can be sensed by both the TSC complex and TOR itself (Figure 2 ).
Akt phosphorylates and inhibits TSC2
While genetic analysis placed dTSC1/2 downstream of dPI3K and dAkt, the biochemical explanation for such a relationship was unknown. Several groups showed that PI3K-dependent activation of Akt results in the phosphorylation of TSC2 in both mammalian and Drosophila cells (Dan et al., 2002; Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002) . Human TSC2 is phosphorylated in vitro on both serine 939 and threonine 1462, and growth factors that activate PI3K phosphorylate these sites in a wortmannin-sensitive manner (Dan et al., 2002; Inoki et al., 2002; Manning et al., 2002) . In PTEN À/À cells that exhibit constitutive PI3K-dependent signaling, phosphorylation of threonine 1462 is constitutive . Moreover, overexpression of a mutant of TSC2 in which serine 969 and threonine 1462 are mutated to alanine more strongly represses S6K1 phosphorylation and activity than overexpression of wild type (Inoki et al., 2002; Manning et al., 2002) . The mechanism by which phosphorylation of TSC2 by Akt inhibits its tumor suppressive function remains controversial. Some groups have demonstrated that phosphorylation of TSC2 destabilizes it, therefore disrupting the formation of functional TSC1/2 complexes: Coexpression of TSC2 with constitutively active Akt or expression of a phosphomimetic TSC2 mutant results in shorter TSC2 half-life; conversely, expression of a TSC2 mutant bearing alanine substitutions at the Akt sites results in longer half-life (Dan et al., 2002; Inoki et al., 2002) . Phosphomimetic TSC2 mutants were found to be ubiquitinated, and proteosome inhibitors were found to stabilize TSC2 (Dan et al., 2002; Inoki et al., 2002) . Lastly, TSC1/2 complexes were found to be less abundant in the presence of active PI3K/Akt-dependent signaling ( (Dan et al., 2002; Inoki et al., 2002; Potter et al., 2002) . It is important to note, however, that other groups have not observed PI3K/Akt-dependent regulation of TSC2 stability or abundance of TSC1/2 complexes Tee et al., 2002) .
The recent discovery that the PI3K/Akt/TSC pathway is an upstream regulator of mTOR and S6K1 has helped to clarify the controversy as to whether Akt is a physiological upstream activator of S6K1. In mammalian cells, while membrane-targeted Myr-Akt has been shown to increase S6K1 activity, activated Akt mutants that remains cytoplasmically localized fail to augment S6K1 activity (Dufner et al., 1999) . It was suggested that Akt must exert its action at the membrane to effect S6K1 regulation. Dominant-negative Akt, however, inhibits 4E-BP1 phosphorylation while having no inhibitory effect on S6K1 activity (Dufner et al., 1999) . It is possible that Myr-Akt augments S6K1 activity by phosphorylating and inactivating a larger pool of TSC2, and perhaps this event must occur at the membrane. Dominant-negative Akt (PKB) may not inhibit S6K1 if the TSC1/2 tumor suppressor complex can be phosphorylated and inactivated by other signals independent of PI3K/Akt. Indeed, the phosphorylation and inactivation of TSC2 has been shown to also occur via a PI3K/ Akt-independent mechanism, one that possibly involves PKC-and MEK-regulated pathways (Tee et al., 2003a) . Thus, it appears that both nutrients, via an unknown pathway, and growth factors, via PI3K/Akt-dependent and -independent phosphorylation of TSC2, inhibit the tumor suppressor function of the TSC1/2 complex, allowing the phosphorylation of the downstream TOR targets S6K1 and 4E-BP1. In this way, the TSC complex functions to sense and integrate signals from both nutrients and growth factors to regulate TOR function. How the TSC complex inhibits TOR was a mystery until recently.
Rheb, an activator of TOR that is inhibited by TSC2
Once again, complementary data derived from genetics and biochemistry in both Drosophila and mammalian systems have combined to reveal a mechanism by which the TSC1/2 complex inhibits TOR function: TSC2 acts as a GTPase-activating protein (GAP) toward the Rasrelated small GTPase Rheb , which is a positively acting upstream regulator of TOR. GAPs are a class of proteins that convert GTPases from an active GTPbound state to an inactive GDP-bound state. Therefore, TSC2 inactivates Rheb, which results in the downregulation of TOR. Genetic screens in the Drosophila compound eye identified Rheb as a gene that when mutated decreased eye and cell size or when overexpressed increased eye and cell size Stocker et al., 2003) . Genetic epistasis experiments demonstrated Rheb to be epistatic to PI3K, dAkt, and TSC1/2, while dTOR and dS6K were found to be epistatic to Rheb Stocker et al., 2003) . Thus, Rheb functions as a positive regulator of cell and organ growth, localizing genetically downstream of PI3K, Akt, and TSC1/2, but genetically upstream of dTOR and dS6K.
While TSC2 was known to contain a Rap1-like GAP domain in its COOH-terminus, the physiologic in vivo target was unknown. As a result, at the same time other groups sought the GTPase target of TSC2s GAP domain. A clue came from the phenotypes resulting from the inactivation of the Schizosaccharomyces pombe Rheb ortholog, Rhb1, or the TSC1/2 orthologs, tsc1/2: loss of Rhb1 or tsc1/2 results in a G 0 /G 1 arrest that is similar to that induced by nitrogen starvation (Mach et al., 2000; Matsumoto et al., 2002) . Furthermore, loss of Rheb in S. cerevisiae results in increased uptake of arginine and lysine (Urano et al., 2000) . Using the fact that Rheb in yeast functions in a nutrient sensing pathway, biochemical approaches demonstrated that TSC2 indeed functions as a GAP toward Rheb: TSC2 catalyses the conversion of Rheb-GTP into Rheb-GDP in vitro (Tee et al., 2003a; Zhang et al., 2003) , and expression of TSC2 or the TSC1/2 complex in vivo increases the ratio of GDP:GTP-bound Rheb (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003a; Zhang et al., 2003) . Importantly, TSC2-bearing mutations in the GAP domain fails to affect the GTP-bound state of Rheb, and cells lacking TSC2, either via RNAimediated reduction of TSC2 or via gene knockout, display increased Rheb-GTP loading (Garami et al., 2003; Zhang et al., 2003) . Consistent with the genetic results, Rheb overexpression in mammalian cells increases S6K1 and 4E-BP1 phosphorylation in a nutrient-and growth factor-independent manner that is sensitive to rapamycin but insensitive to wortmannin, indicating that Rheb lies upstream of mTOR but downstream of PI3K (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003b) . Morever, reduction of Rheb expression with RNAi leads to decreased phosphorylation of S6K1 in response to insulin (Garami et al., 2003) . Overexpression of wildtype TSC2, but not a GAP-domain mutant, reduces the ability of Rheb to activate the mTOR pathway, showing TSC2 to be a negative regulator of Rheb in mammalian cells (Castro et al., 2003; Garami et al., 2003; Tee et al., 2003b) .
Many important questions remain regarding how Akt, TSC1/2, and Rheb modulate TOR function. The molecular mechanism by which Akt inhibits the tumor suppressor function of TSC1/2 remains controversial, as different groups have reported different effects of Aktmediated phosphorylation on the stability of TSC2 itself and on expression of a TSC1/2 complex. How nutrients modulate TOR function remains a major unresolved question. Since inactivation of TSC1/2 or Rheb overexpression leads to constitutive TOR-dependent signaling in the absence of nutrients, the TSC1/2 complex and Rheb may function as nutrient sensors. How TSC1/2 or Rheb might respond to nutrient signals is completely unclear at this time. The identity of the guanine nucleotide exchange factor (GEF) that loads GTP on to Rheb is also unknown, although it has been suggested that Rheb may not require a dedicated GEF as it exists in a highly active GTP-bound state and possesses low intrinsic GTPase activity. Finally, the molecular mechanism by which Rheb activates TOR, either directly or indirectly, is unknown and is a question that is likely being vigorously pursued at this time. The finding that TSC1/2 exert their tumor suppressive function by downregulating mTOR-dependent signaling suggests that rapamycin and analogs may be clinically efficacious for the treatment of tuberous sclerosis (reviewed in Manning and Cantley, 2003a) .
Coordinate control of cell growth and cell cycle progression by the TOR and PI3K pathways While the proliferation of lower eukaryotes like yeast is driven simply by nutrient availability, the development of more complex, multicellular eukaryotes requires that signals from nutrients and growth factors be tightly coordinated. The crosstalk that occurs between the nutrient-regulated TOR pathway and the growth factorregulated PI3K pathway ensures that cell proliferation only occurs when amino acids, energy, and growth factors are in sufficient supply. While TOR and PI3K have been known to regulate cell division and proliferation for some time (rapamycin and PI3K inhibitory drugs inhibit cell cycle progression and proliferation by inducing an accumulation of cells in G 1 phase; reviewed in Abraham and Wiederrecht, 1996) , only more recently has a role for TOR and PI3K in regulation of cell growth been appreciated.
The growth of an organ or whole organism is mediated by increases in both cell size and cell number through the coordinated action of cell growth and cell cycle progression. Cell growth refers to the increase in mass and size that occurs as a cell progresses through the cell division cycle (cdc) in preparation for division in mitosis, whereby a large mother cell symmetrically splits into two smaller daughter cells. It is fairly intuitive that a cell must double in mass through increased macromolecular biosynthesis and grow to increased size during each cell division cycle to maintain its size. Thus, the relative rates of cell growth vs cell division determine the final size of the cell. By analysing temperaturesensitive cdc mutants in S. cerevisiae, Hartwell and coworkers gained important insight into the relationship between cell growth and cell division. They noted that when cell division is blocked upon the inactivation of cdc genes, cell growth continues and the yeast arrest at a large cell size (Johnston et al., 1977) . In contrast, when deprived of nutrients or when cdc genes encoding biosynthetic proteins are inactivated, cell division and cell growth are coordinately blocked, suggesting that sufficient cell growth is required for cell cycle progression, but not vice versa (Johnston et al., 1977) . Similarly, disruption of cell cycle regulatory genes in Drosophila (e.g. dE2F or cdc2) results in cell cycle arrest at a large cell size (Weigmann et al., 1997; Neufeld et al., 1998) , and induction of a G 1 phase cell cycle block by overexpressing the cyclin D/cdk4 inhibitor p16 in mammalian fibroblasts induces a shift to increased cell size . These data from evolutionarily diverse organisms demonstrate that while normally tightly coupled, cell growth and cell division can be experimentally dissociated, indicating that distinct pathways mediate these fundamental processes. Moreover, since cell division is dependent on a sufficient level of cell growth, cell growth pathways must crosstalk with pathways that control cell cycle progression. It is important to note that the molecular mechanism(s) by which cell growth is coupled to cell division is poorly understood.
The TOR and PI3K pathways are highly conserved between Drosophila and higher eukaryotes, making Drosophila an attractive model genetic system to study the role of these pathways in cell growth, proliferation, and development. Manipulation of virtually all components of the Drosophila insulin signaling pathway has been shown to alter organ and body size as a result of cell autonomous changes in cell size and number (reviewed in Stocker and Hafen, 2000; Weinkove and Leevers, 2000; Oldham and Hafen, 2003) . For example, inactivation of positively acting molecules such as the insulin receptor, PI3K, chico (the insulin receptor substrate (IRS) ortholog), PDK1, Akt, TOR, Rheb, or S6K decreases organ and cell size concomitant with a slowing down of the cell cycle, while overexpression of many of these molecules increases organ and cell size (Bohni et al., 1999; Chen et al., 1996; Leevers et al., 1996; Montagne et al., 1999; Verdu et al., 1999; Oldham et al., 2000; Zhang et al., 2000; Rintelen et al., 2001; Saucedo et al., 2003; Stocker et al., 2003) . Consistently, inactivation of negatively acting molecules such as PTEN or TSC1/2 increases organ and cell size, while their overexpression decreases organ and cell size (Gao et al., 2000; Goberdhan et al., 1999; Huang et al., 1999; Gao and Pan, 2001; Tapon et al., 2001a; Potter et al., 2002) . In addition, overexpression of a dominant mutant of 4E-BP1 with high affinity for eIF4E reduces cell and organ size (Miron et al., 2001) . These genetic studies clearly demonstrate the TOR and PI3K pathways to be important regulators of cell and organ growth. It is important to bear in mind that these results were initially somewhat unexpected, as many of these proteins were originally considered to be proto-oncogenes with a role in regulating cell cycle progression and proliferation.
Studies in mice and mammalian cell culture have confirmed the evolutionarily conserved function of the TOR and PI3K pathways in the regulation of cell, organ, and organismal growth. Homozygous knock out of IRS-1, Akt1 (PKBa), or S6K1 in mice results in a small animal phenotype, although whether the mice are small as a result of reduced cell number, reduced cell size, or a combination of both mechanisms was not reported (Araki et al., 1994; Shima et al., 1998; Cho et al., 2001b; Lawlor et al., 2002; Mora et al., 2003) . Modulation of PI3K, PDK1, or Akt expression in the heart affects heart size as a result of changes in cardiomyocyte size but not cell number (Shioi et al., 2000 (Shioi et al., , 2002 Mora et al., 2003) . PI3K/Akt and TOR have also been implicated in the control of skeletal muscle size: Overexpression of activated Akt or S6K1 induces hypertrophy of cultured myotubes, while inhibition of TOR or PI3K with rapamycin or LY294002, respectively, blocks IGF-1-induced hypertrophy (Rommel et al., 2001) . In cultured cells that are asynchronously cycling, rapamycin and LY294002 both induce a shift to reduced cell size, indicating mTOR and PI3K to be important mediators of cell growth . Consistently, reduction of mTOR, raptor, or GbL expression with RNAi also reduces cell size (Kim et al., 2002; Kim et al., 2003) . Overexpression of PI3K or Akt increases cell size in a rapamycin-sensitive manner, indicating that the ability of the PI3K/Akt pathway to drive cell growth is mTOR dependent (Alvarez et al., 2003; Faridi et al., 2003) . Overexpression of S6K1 or eIF4E also increases cell size, while overexpression of a dominantly acting mutant of 4E-BP1 decreases cell size . Moreover, overexpression of rapamycin-resistant mutants of S6K1 or overexpression of eIF4E partially rescues the small cell size phenotype induced by rapamycin, indicating S6K1 and eIF4E to be downstream mediators of mTOR-dependent cell growth . mTOR is best known as a regulator of cell cycle progression and cell proliferation (reviewed in Abraham and Wiederrecht, 1996) , although the biochemical mechanisms by which mTOR mediates these events have been poorly defined until recently. In B and T cells, rapamycin induces a strong G 1 Àphase arrest and is therefore a potent antiproliferative drug. In most other cell types, however, rapamycin merely delays cell cycle progression and reduces proliferation rate. These features of rapamycin make it a great immunosuppressive drug, effecting strong immunosuppression with limited toxicity. When cycling nonimmune cells are treated with rapamycin, they proliferate slowly at a smaller than normal size . These data clearly show that a given cell type does not divide at a fixed size. Rather, cell size is dynamic and responsive to the extracellular milieu. Indeed, budding yeast grown on poor carbon sources proliferate at reduced cell size (Flick et al., 1998) , and rat Schwann cells divide at a size that varies depending on the concentration of extracellular growth factors in the media (Conlon et al., 2001) . It is intriguing that the same set of mTOR-dependent downstream effectors that regulate cell growth and cell size, S6K1, 4E-BP1, and eIF4E, also regulate the rate of cell cycle progression: When quiescent U2OS cells are stimulated with serum to enter G 1 phase from G 0 , overexpression of S6K1 and eIF4E accelerates S phase entry, while reduced expression of S6K1 with RNAi or overexpression of a dominant mutant of 4E-BP1 inhibits the rate of S phase entry (Fingar et al., 2004) . Moreover, overexpression of rapamycin-resistant mutants of S6K1 or overexpression of eIF4E partially rescues the rapamycin-induced delay in G 1 progression to S phase, indicating S6K1 and eIF4E to be downstream mediators of mTOR-dependent cell division (Fingar et al., 2004) . These data are consistent with the ability of rapamycin-resistant mutants of S6K1 to partially restore rapamycin-suppressed E2F-dependent transcription and to partially rescue rapamycin-inhibited proliferation of vascular smooth muscle cells (Brennan et al., 1999; Vinals et al., 1999) ; furthermore, embryonic stem cells lacking S6K1 proliferate in culture at a reduced rate (Kawasome et al., 1998) . Consistent with RNAi against S6K1 delaying G 1 phase progression, cells containing reduced S6K1 expression exhibit reduced cell size (Fingar et al., 2004; Richardson et al., submitted) .
These data demonstrate mTOR to be a central coordinator of cell growth and cell cycle progression, but what is the mechanism? We favor a model whereby the primary role of mTOR is to regulate the rate of cell growth, with mTOR-dependent regulation of cell cycle progression a secondary consequence (Figure 3) . It is also possible, however, that in addition to driving cell growth, mTOR may also directly influence the cell cycle machinery (e.g. phosphorylation), similar to PI3K, although there is currently no strong evidence for such a model. mTOR likely restricts the rate of cell cycle progression, and thus cell division and proliferation rates, when environmental conditions are inappropriate and thus growth rate is low. When conditions are optimal, however, it is likely that overactivation of the mTOR pathway, while able to accelerate G 1 phase progression modestly , is not sufficient to accelerate cell division and cell proliferation. In support of this idea, overexpression of S6K1 confers a proliferative advantage in low serum-containing media, a hallmark of transformation, but does not increase proliferation rate in full serum-containing media (Fingar et al., 2004) . Moreover, overexpression of a constitutively active mutant of S6K1 is not sufficient to induce oncogenic transformation (Mahalingam and Templeton, 1996) . It is interesting to note, however, that overexpression of eIF4E in NIH-3T3 and Rat2 fibroblasts is sufficient to induce transformation (Lazaris-Karatzas et al., 1990) , although there are no other reports of eIF4E-induced transformation in other cell types. These data support the idea that signaling along the mTOR/S6K1 and mTOR/4E-BP1/ eIF4E branches are required but not sufficient for oncogenesis.
The role of mTOR in coordinating cell growth and cell cycle progression differs from the proposed role of PI3K as such a coordinator (Alvarez et al., 2003) . While the PI3K pathway promotes cell growth in an mTORdependent manner, it also is able to accelerate cell cycle progression, cell division, and cell proliferation under optimal conditions, likely via mTOR-independent pathways (Alvarez et al., 2003) . More mechanistically speaking, the PI3K/Akt pathway is reported to control directly the phosphorylation and stability of cyclin D1 (Diehl et al., 1998) , and the phosphorylation and function of the cdk inhibitory protein p21 (Rossig et al., 2001; Zhou et al., 2001) . Thus, PI3K-dependent signals likely branch into those controlling cell growth via mTOR and those that more directly influence the cell cycle machinery. This role of PI3K is consistent with the observation that aberrantly high PI3K-dependent signaling is found in many tumors, while disregulated mTOR-mediated signaling is not commonly associated with tumorigenesis. Indeed, the hamartomas that arise in tuberous sclerosis as a result of aberrantly high mTOR-dependent signaling are benign and rarely progress to malignancy.
How would an increased rate of TOR-dependent cell growth influence the rate of cell cycle progression? If the synthesis of cell cycle driving proteins were sensitive to the protein biosynthetic capacity of the cell, then the rate of cell growth could be effectively coupled to cell cycle progression (reviewed in Tapon et al., 2001b) . Consistent with this model, the S6K1 and 4E-BP1/ eIF4E pathways function in translational control. Indeed, in budding yeast, the synthesis of the G 1 -cyclin CLN3 is nutrient-and rapamycin-sensitive and controlled by TOR and Cdc33 (an eIF4E ortholog) at the level of translation initiation (Barbet et al., 1996) . A short upstream open reading frame in the 5 0 leader of the CLN3 transcript functions as a translational control element to repress CLN3 expression when protein synthesis and cell growth rate are low, as during nutrient deprivation (Polymenis and Schmidt, 1997) . When growth conditions are favorable, CLN3 protein is efficiently translated and accumulates to drive passage through G 1 phase. Data from Drosophila support the idea that expression of a cyclin may be a mechanism by which cell growth is coupled to cell cycle progression: In dTOR null mutant tissue, levels of cyclin E protein are low, and ectopic expression of cyclin E rescues S phase entry in dTOR null cells (Zhang et al., 2000) . By analogy, perhaps the translation of cyclins in mammalian cells is regulated by an mTOR-regulated, cell growth-dependent mechanism. By such a mechanism, such cyclins could be thought of as cell growth sensors rather than cell growth drivers. It is important to note that while there are examples in the literature of Figure 3 Coordination of cell growth and cell cycle progression by mTOR. mTOR may coordinate cell growth and cell cycle progression my making cell cycle progression dependent on a sufficient level of cell growth. In this model, which we favor, mTOR primarily regulates cell growth, and as a secondary consequence regulates the rate of cell cycle progression. In another possible model, mTOR may directly regulate the activity of cell cycle machinery components (e.g. phosphorylation), in parallel to its role in control of cell growth. Cell growth and cell cycle progression would therefore be coordinated by virtue of sharing a common upstream regulator, mTOR rapamycin inhibiting the expression of various cell cycle control proteins (Braun-Dullaeus et al., 2001) , it not clear whether the observed effect is a direct effect of mTOR inhibition or whether it is an indirect secondary consequence of a delay in cell cycle progression. Certain cyclins may also be able to function as cell growth drivers, as it is reported that in Drosophila, cyclin D/ cdk4 complexes promote cell growth in addition to their role in driving cell cycle progression Meyer et al., 2000) . Whether cyclin/cdk complexes also have a growth-promoting function in mammals is not known.
Disregulation of coordinate TOR and PI3K signaling contributes to tumorigenesis
The significance of the connection between the PI3K pathway and the mTOR pathway is highlighted by the observation that the growth and proliferation of tumors displaying aberrantly high PI3K-dependent signaling, either through constitutive activation of PI3K or Akt or via inactivation of the PI3K antagonist PTEN, display enhanced sensitivity to rapamycin and analogs (Aoki et al., 2001; Neshat et al., 2001; Podsypanina et al., 2001) . As this topic has been the subject of many comprehensive reviews, including one in this issue, we will not extensively discuss it here (reviewed in Vogt, 2001; Huang and Houghton, 2003; Luo et al., 2003; Shamji et al., 2003) . This differential sensitivity of PI3K/ Akt-dependent tumors to rapamycin makes mTOR and its downstream targets S6K1 and 4E-BP1/eIF4E exciting novel targets for cancer therapeutics. As a result, rapamycin analogs, such as CCI-779 and RAD001, are currently being tested in clinical trials against a variety of human tumors (Elit, 2002; and reviewed in Vivanco and Sawyers, 2002; Huang and Houghton, 2003; Luo et al., 2003) . Since inhibition of mTOR produces only modest effects on rates of cell proliferation in most cell types, it is likely that treating patients with a combination of mTOR inhibitors plus other chemotherapy drugs may be the best approach for treating cancer in the clinic. Indeed, a combination of rapamycin plus the ABL tyrosine kinase inhibitor Imatinib (also known as Gleevac or STI571) synergistically inhibits the proliferation and survival of BCR/ABL-transformed myeloid and lymphoid cell lines, models of chronic myelogenous leukemia (Ly et al., 2003; Mohi et al., 2004) . Use of a combination of drugs that target distinct signaling pathways or that target different points within a signal transduction pathway may allow clinicians to better treat tumors and more effectively battle the pervasive problem of drug resistance.
That eIF4E induces oncogenic transformation in certain cell types suggests that aberrantly high capdependent translation may predispose a cell to tumorigenesis. Indeed, eIF4E is overexpressed in many human cancers, although it is not known whether this is a cause or consequence of oncogenesis (reviewed in De Benedetti and Harris, 1999). Moreover, aberrantly high rates of protein biosynthesis are observed in tumors (reviewed in Ruggero and Pandolfi, 2003) , and tumorigenesis has been reported to require a higher degree of capdependent translation to inhibit apoptosis . In accordance with these ideas, a recent paper reports that the proto-oncogenes Ras and Akt act rapidly to increase the association of mRNA transcripts with polyribosomes, and therefore may acutely influence protein translation; changes in global transcription occur with a slower time course (Rajasekhar et al., 2003) . Thus, increased translation may be an initiating event in tumorigenesis that is followed later by global transcriptional changes (Rajasekhar et al., 2003) . Consistent with the idea that oncogenes may act to alter protein translation state, cyclin D1 and c-Myc, two proteins important for driving cell proliferation, have been identified as targets of mTOR whose transcription and mRNA association with polysomes (and presumably their translation) is decreased by rapamycin in cells with aberrantly high Akt-dependent signaling (Gera et al., 2003) . Lastly, rapamycin is reported to enhance proteolytic degradation of hypoxia-inducible factor 1a (HIF-1a), a transcription factor that drives hypoxiainducible gene expression (Hudson et al., 2002) . As a result, inhibition of the cellular response to hypoxic stress, an event crucial for the survival of cancer cells under hypoxic conditions and for tumor progression, may underlie, at least in part, the apparent efficacy of mTOR inhibitors as antineoplastic drugs.
The discovery that the TSC1/2 complex lies upstream of mTOR and inhibits mTOR-dependent signaling makes mTOR and its downstream effectors exciting novel targets for the treatment of the benign, but devastating tumors that arise in tuberous sclerosis (reviewed in Manning and Cantley, 2003a) . In addition, mTOR inhibitors may prove useful for treating the tumors associated with Peutz-Jeghers syndrome, a disease caused by inactivating mutations in the tumor suppressor protein LKB1 (Hemminki et al., 1998; Jenne et al., 1998) . LKB1 has recently been shown to phosphorylate and activate AMPK, thus enhancing the inhibitory effect of the TSC1/2 complex toward mTOR (Hawley et al., 2003; Hong et al., 2003; Woods et al., 2003) . Thus, LKB1 influences the ability of energy status to modulate mTOR function, and as a result, its inactivation results in aberrrantly high mTOR-dependent signaling even under low-energy conditions (Shaw et al., 2004) .
To begin to develop efficacious cancer therapeutics that target the mTOR pathway, it will be important in the future to more completely identify the downstream targets that mediate mTOR's effects on cell growth, cell cycle progression, cell proliferation, and cell survival. It is likely that mTOR will differentially control the expression of such targets depending on the cell or tumor type examined, thus making the identification of mTOR-dependent targets a complicated endeavor. It appears as though the mTOR pathway exerts control of cellular proliferation, and thus oncogenesis, through a diverse spectrum of biochemical mechansims.
A role for TOR in other human disease states
Besides contributing to cancer formation, disregulated mTOR and PI3K signaling likely contributes to the pathophysiology of other human disease states in nonproliferative tissue, including heart disease, diabetes, and muscular atrophy. As mentioned earlier, activation of the PI3K/Akt pathway increases the heart size in mice in an mTOR-dependent manner, while decreased signaling through this pathway, as observed in PDK1 À/À mice or through overexpression of dominant-negative alleles of PI3K or Akt, results in reduced heart size (Mora et al., 2003; Shioi et al., 2000; Shioi et al., 2002; Shiojima et al., 2002) . These changes in heart size are mediated by changes in cardiomyocyte size but not cell number. The PDK1 À/À mice die at 5-11 weeks postbirth as a result of heart failure and increased sensitivity to hypoxia-induced cardiomyocyte death (Mora et al., 2003) . Thus, disregulation of mTOR and PI3K signaling can promote cardiac hypertrophy or hypotrophy, both of which can lead to heart failure. In addition, the mTOR pathway positively mediates the intimal hyperplasia of vascular smooth muscle cells that often follows angioplasty or other vascular intervention and can lead to restenosis (reviewed in Marks, 2003) . Intimal hyperplasia may be induced upon vessel injury, causing the vascular smooth muscle cells to change from a quiescent, differentiated, contractile phenotype to a more proliferative, dedifferentiated, and migratory phenotype (reviewed in Owens, 1995) . Rapamycin inhibits the increased proliferation and migration of vascular smooth muscle cells that occurs after injury (Poon et al., 1996; Gallo et al., 1999; Roque et al., 2000) and also induces their differentiation back toward a more mature phenotype (Martin et al., 2003) . The injury-induced expression of several cell cycle regulatory proteins is inhibited by the in vivo administration of rapamycin to rats, suggesting a mechanism for the antirestenotic effect of rapamycin on proliferation (Braun-Dullaeus et al., 2001) . After successful clinical trials, rapamycin (sirolimus) is now FDA approved for use on drug-eluting stents to inhibit restenosis after coronary artery intervention (Morice et al., 2002; Moses et al., 2003) .
Disregulated TOR and PI3K function may also contribute to the development of type II diabetes. IRS2, Akt2 (PKBb)-and S6K1-deficient mice develop type II diabetes, a disorder characterized by insulin resistance in peripheral tissues, impaired insulin suppression of hepatic glucose output, and impaired glucose-induced insulin production and secretion by pancreatic b cells (Shima et al., 1998; Withers et al., 1998; Cho et al., 2001a; and reviewed in Saltiel and Kahn, 2001; Kozma and Thomas, 2002) . The diabetes in the IRS2 À/À mice results from impaired insulin action in liver and skeletal muscle and from an inability of b cells to compensate for the peripheral insulin resistance by upregulating insulin production (Withers et al., 1998) . It is interesting that the Akt2 À/À and S6K1 À/À mice develop diabetes for different reasons than the IRS2 À/À mice: while both the Akt2 À/À and S6K1 À/À mice exhibit hyperglycemia upon glucose injection, the Akt2-deficient mice exhibit fasting hyperglycemia, while the S6K1-deficient mice do not. Careful investigation of these phenotypes revealed that the Akt2-deficient mice are defective in peripheral insulin action in skeletal muscle and liver while retaining normal b-cell compensation (Cho et al., 2001a) ; the S6K1-deficient mice, however, are diabetic due to an impaired ability to produce insulin as a result of decreased pancreatic b-cell size (Pende et al., 2000) . The overlapping but distinct diabetic phenotypes resulting from inactivation of IRS2, Akt2, and S6K1 suggest that while these signaling molecules operate in a shared signaling pathway, they likely also mediate distinguishable functions through distinct signaling pathways. As mentioned earlier, mTOR-and PI3K-dependent signaling have been shown to be important for controlling the size of skeletal muscle cells, as rapamcyin and LY294002 block IGF1-induced hypertrophy (Rommel et al., 2001) . As a result, activation of these pathways could be therapeutically beneficial for treating the muscular atrophy that is associated with many disease states.
Future directions
Many issues remain with regard to the role of TOR in cellular and animal physiology. A new communication reports that TOR deficiency in C. elegans (let-363) doubles lifespan compared to wild-type animals (Vellai et al., 2003) , similar to the phenotype of animals deficient in DAF-2/insulin-like growth factor signaling (Kenyon et al., 1993) . Whether TOR controls lifespan in mammals is not known. In addition, while TOR2 in budding and fission yeast clearly signals in a rapamycininsensitive manner, it is not known whether TOR can also signal in a rapamycin-insensitive manner in mammals. Historically, mTOR-regulated targets or processes have been identified based on their rapamycin sensitivity; thus, it is entirely possible that rapamycininsensitive targets or processes exist but have not yet been identified. Circumstantial data support the theory of rapamycin-insensitive signaling by TOR in mammals: While rapamycin reduces cell size and delays G 1 phase progression in mammalian cells expressing wild-type mTOR, cells treated with rapamycin but expressing kinase-dead mTOR exhibit an even greater reduction in size and a more pronounced delay in G 1 phase progression (Fingar et al., , 2004 . Such observations may simply indicate that rapamycin does not completely inhibit the rapamycin-sensitive function of mTOR, or alternatively, they may indicate that mTOR signals in both a rapamycin-sensitive and -insensitive manner to control cell growth and cell cycle progression. Kinasedead mTOR, by functioning as a dominant-negative allele, may eliminate the rapamycin-insensitive signaling that remains after the rapamycin-sensitive signal is eliminated with rapamycin treatment. Cells with targeted knockout of mTOR or those with complete knockdown of mTOR with RNAi technology should prove useful in determining whether mammalian TOR signals in a rapamycin-insensitive manner or not.
Not only does TOR control cell growth in a cell autonomous manner, but a new publication suggests that dTOR in Drosophila may control cell growth by a non cell autonomous, humoral mechanism (Colombani et al., 2003) : mutation of dTOR, mutation of an aminoacid transporter known as slimfast, or overexpression of TSC1/2 in an organ called the fat body affects the growth of other tissues. The authors propose a model whereby the fat body secretes a signal via a TOR-and S6K-dependent mechanism that is sensed by peripheral tissues. Thus, the TOR pathway may regulate growth in response to both local and whole-organism nutrient availability. As S6K1 À/À mice are perfectly proportioned but small (Shima et al., 1998) , it will be important to determine whether the reduced body size is cell autonomous or whether it results from a humoral mechanism, perhaps due to decreased levels of circulating insulin. Whether TOR modulates growth in a non cell autonomous, humoral manner in mammals awaits future work.
While significant progress has been recently made in understanding TOR function at the biochemical, cellular, and physiological level, we have a great deal more to learn. In the future, it will be important to elucidate how Rheb positively modulates TOR function, how aminoacid sufficiency is sensed by TOR, and how rapamycin inhibits TOR-dependent signaling. Moreover, it is imperative to identify the downstream targets and cellular processes that are regulated by TOR. TOR function is clearly vitally important in mammals, as homozygous mTOR inactivation in the mouse is embryonically lethal (Hentges et al., 2001) .
